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Suppression of magnetic ordering in XXZ-type
antiferromagnetic monolayer NiPSs
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How a certain ground state of complex physical systems emerges, especially in two-
dimensional materials, is a fundamental question in condensed-matter physics. A particularly
interesting case is systems belonging to the class of XY Hamiltonian where the magnetic
order parameter of conventional nature is unstable in two-dimensional materials leading to a
Berezinskii—Kosterlitz—Thouless transition. Here, we report how the XXZ-type anti-
ferromagnetic order of a magnetic van der Waals material, NiPS3, behaves upon reducing the
thickness and ultimately becomes unstable in the monolayer limit. Our experimental data are
consistent with the findings based on renormalization-group theory that at low temperatures
a two-dimensional XXZ system behaves like a two-dimensional XY one, which cannot have a
long-range order at finite temperatures. This work provides the experimental examination of
the XY magnetism in the atomically thin limit and opens opportunities of exploiting these
fundamental theorems of magnetism using magnetic van der Waals materials.
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t is an enduring theme of physical science how a certain

ground state emerges out of often complex underlying prin-

ciples of nature. Our understanding of this fundamental
question captures all the essence of what we know about the
system, be it cosmos or real materials. One prime example is
magnetism in two-dimensional (2D) systems. Unlike in one- or
three-dimension, fluctuations are sensitive to the symmetry of the
order parameters: Ising, XY, and Heisenberg types. Of the three
types, the Ising Hamiltonian was the first to be solved by Onsa-
gerl. About 20 years later, there were theoretical breakthroughs
for the Heisenberg model?—.

For the XY model, the trio of Berezinskii® and Kosterlitz and
Thouless® demonstrated independently that the 2D XY system
hosts a very unusual ground state of an algebraic order at low
temperatures through what is now known as the Berezinskii
—Kosterlitz—Thouless (BKT) transition. The generic form of the
magnetic Hamiltonian can be written as follows”:

H=— (2; (15157 +1,808] + 15557, )
ij

where ], . is the nearest-neighbor exchange interaction for spin
components, and i and j run through all lattice sites and nearest
neighbors, respectively. S¥, S/, and 7 are the x, y, and z com-
ponent of the total spin at i-site. The critical behaviors of 2D
magnetic systems have been studied using layered magnetic
crystals or ultra-thin metal films®. However, it is still desirable for
one to investigate the major features of 2D magnetism using true
2D material. For the 2D Ising system (J, =], = 0) the magnetic
ground state is stable even in the 2D limit, whose experimental
evidence has been recently presented using magnetic van der
Waals materials: FePS; 10 with antiferromagnetic order and
Cr,Ge,Teg ! and Crl; 12 with ferromagnetic order.

With the success in the recent experimental investigation of 2D
Ising systems, one can think of using these newly found magnetic
van der Waal materials for the studies of the XY model (J, =J,, J.
=0), which is far more interesting and expected to host much
richer physics. One can generalize the problems for two dimen-
sions by using the XXZ model (J,=], #],). We note that from
renormalization-group studies!®!4, an antiferromagnetic 2D
quantum-spin system with easy-plane-like anisotropy, no matter
how small the anisotropy is, behaves like an XY system at low
temperatures. With the advent of a new class of magnetic van der
Waals materials, one at last seems to have the right materials to
start with!>16,

Transition metal phosphorus trisulfides (TMPS;, TM =V, Mn,
Fe, Co, Ni, or Zn) are a new class of antiferromagnetic van der
Waals materials that are suitable for studying antiferromagnetic
ordering in the 2D limit: FePS; of Ising-type, NiPS; of XY or
XXZ-type, and MnPS; of Heisenberg-typel7:13. They can be easily
exfoliated into few atomic layers!®, allowing one to examine the
dependence of the magnetic ordering on the dimensionality.
There still remains one experimental difficulty: since antiferro-
magnets do not have a finite net magnetization, detection of
antiferromagnetic ordering in few-layer samples, let alone
monolayer, is extremely challenging!”.

Raman spectroscopy has proven to be a powerful technique for
the studies of 2D materials. Since the Raman spectrum changes
sensitively with the thickness?%:21, it is suitable not only to
determine structural parameters such as the number of layers but
also to study thickness-dependent physical properties. In parti-
cular, it is possible to study magnetic properties by exploiting the
spin dependence of Raman processes. For example, two-magnon
Raman scattering is often used to study antiferromagentism?2-23,
and Raman spectroscopy has been successfully used to investigate
the Ising-type antiferromagnet FePS;%10. By monitoring the

appearance of a series of new Raman modes due to doubling of
the unit cell upon antiferromagnetic ordering, it was found that
the Ising-type magnetic order of FePS; is preserved down to the
monolayer limit. In this work, we measured the Raman signatures
of the antiferromagnetic ordering in NiPS; as a function of the
number of layers downs to monolayer, and found that the
ordering persists down to 2 layers (2L) but is dramatically sup-
pressed in the monolayer (1L) limit. At the same time, there is
persistent spin fluctuations even in monolayer samples. These
experimental findings from monolayer systems are consistent
with the theoretical predictions of the XY model>®.

Results
Crystal and magnetic structures of NiPS;. Bulk NiPS; has a
monoclinic structure with the point group C,;, whereas mono-
layer NiPS; has a hexagonal structure with the point group
D3,419%425 As shown in Fig. la, Ni atoms are arranged in a
hexagonal lattice, each of them being surrounded by six S atoms
with trigonal symmetry. These S atoms are connected to two P
atoms located above and below the Ni plane. Two P atoms and six
S atoms are covalently bonded among themselves, forming a
(P,S6)*~ anion complex of a pyramidal structure. The layers are
weakly bound to each other by van der Waals interaction along
the c-axis and can be easily exfoliated to atomically thin few-layer
samples!®. Figure 1b is an atomic force microscope image of one
of the exfoliated monolayer NiPS; samples measured in this work
(see Supplementary Fig. 1 for samples with other thicknesses).
Recent neutron diffraction studies have shown that below Néel
temperature (Ty) spins in bulk NiPS; are aligned mostly in the ab
plane with a small component along the c-axis!”>18, which is
consistent with the temperature dependence of the magnetic
susceptibility (see Supplementary Fig. 2). The ordered magnetic
moments appear to point more towards the g-axis than the b-axis
and the same-spin chains are aligned along the zigzag
direction!”18 as shown by the red arrows in Fig. la. We note
that due to the ab anisotropy, this is not an exact XXZ system, but
an approximate one.

Raman signatures of the antiferromagnetic phase transition.
Figure 2 compares polarized Raman spectra of bulk NiPS; in two
different phases: antiferromagnetic phase at T=10K and para-
magnetic phase at T =295 K. All the peaks in the Raman spectra
are labeled as Py, Py, etc. in the order of increasing frequency. As
bulk paramagnetic NiPS; belongs to the C,;, point group??, the
zone center phonon modes are represented by I'=8A,+ 7B, +
6A, +9B,. In the backscattering geometry, both the A, and B,
modes are Raman allowed in the parallel-polarization scattering
configuration [z(xx)z] whereas only the B, modes are active in the
cross-polarization scattering configuration [z(xy)z]. The Raman
modes at higher frequencies are mostly attributed to the intra-
molecular vibrations from (P,Se)*~ bipyramid structures: similar
features were previously observed for FePSs 9. On the other hand,
the low-frequency peaks (P; and P,) are due to vibrations
involving the heavy Ni atoms?>.

The most prominent difference between paramagnetic (T =
295 K) and antiferromagnetic (T = 10 K) phases is the appearance
of the broad peak centered at ~550 cm~! in the antiferromagnetic
phase due to two-magnon scattering, or the double spin-flip
processes via the exchange mechanism in antiferromagnets with
the collinear structure?2-26, The spin orientation of Ni atoms lies
largely on the ab plane with some c-axis component due to the
magnetic ordering at low temperature, and the two-magnon
signals become well defined. We note that the two-magnon
Raman signals are consistent with our calculations of the two-
magnon spectrum using the XXZ Hamiltonian (see
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Fig. 1 Magnetic van der Waals material NiPSs. a Crystal structure of NiPSs. Red arrows indicate the spin orientations of Ni atoms below Néel temperature
(Tw). b Atomic force microscope image and thickness line profile of monolayer NiPSs. Optical image of the sample is shown in inset. The black and white
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Fig. 2 Raman spectra of bulk NiPS;. Comparison of Raman spectra measured at T=10 and 295K in parallel [z(xx)z] (black) and cross [Z(xy)z] (red)

polarization scattering configurations

Supplementary Note 1 and Supplementary Fig. 3). Also, the clear
signals centered at Ocm™! in the spectrum obtained in the
parallel-polarization configuration at T'=295K are ascribed to
quasi-elastic scattering (QES) from magnetic fluctuations, which
is often observed in low-dimensional spin systems2327-28, These
QES signals become considerably weakened at lower tempera-
tures since the spin fluctuations are suppressed in the
magnetically ordered phase. Unlike the two-magnon signal which
does not depend on the polarization, the QES signal is much
stronger in parallel polarization, presumably because low-energy
spin fluctuations do not change the polarization of the scattered
photon very much. In addition, the peak Py shows a prominent
Breit—Wigner—Fano (BWF) line shape due to Fano resonance at
low temperatureszg. Fano resonance requires quantum inter-
ference between a discrete excitation and a continuum?® and the
BWEF line shape is described by refs. 30:31:

14 2(0 - @)/ (qD)]?
I( ) =1, [1 +4(w — wo)z/rz]

) (2)

where wj is the bare phonon frequency, I' the linewidth, and g the
asymmetry parameter, where |1/q| correlates with the strength of
the coupling. In this case, the discrete excitation is the emission of
a phonon, whereas the continuum corresponds to the broad two-

magnon excitation. We note that Py is the only peak that appears
in the Raman spectra obtained in the cross-polarization
configuration among the peaks that have significant overlap with
the two-magnon continuum.

According to our calculations (See Supplementary Table 1 and
Supplementary Fig. 4), the phonon modes associated with the Pgy
peak are two almost-degenerate E,-like modes. Thanks to the in-
plane Eg-like nature of these modes, they appear in both parallel-
and cross-polarization Raman scattering configurations. Our
Raman data show that in the energy range where the two-
magnon continuum is strong, only these E,-like modes couple
strongly to the two-magnon continuum at low temperatures. This
finding is indeed in good agreement with Rosenblum et al.2°.
Similar strong phonon—magnon coupling for in-plane phonons
was also observed in (Y,Lu)MnO3;, a model compound for spins
on a 2D triangular lattice’?, We note that although Ps and P,
show strong relative enhancement at low temperatures, their peak
positions or intensities do not show any correlation with
magnetic ordering (see Supplementary Fig. 5).

Two-magnon scattering and Fano resonance of NiPS;. In order
to study the thickness dependence of the antiferromagnetic
ordering, we measured the temperature dependence of the Raman
spectra as a function of the number of layers down to the
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monolayer limit. Figure 3a shows the temperature dependence of
the Raman spectrum of bulk NiPS; measured in the cross-
polarization configuration. Suppression of several phonon peaks
makes it easier to monitor the two-magnon signals in the cross-
polarization configuration. In these data, we observe that the two-
magnon signals gradually grow and shift towards higher fre-
quencies as the temperature decreases below Ty. These observa-
tions are typical of antiferromagnetic materials, where the two-
magnon signals redshift and become broader and weaker as the
spectral weight is shifted to QES when the temperature is
increased?”-28:33,34, We have carried out similar measurements for
few-layer samples with different thicknesses (see Supplementary
Fig. 6) and the results are summarized in Fig. 3c-f. The peak
position, intensity, and width of the two-magnon signals show
little dependence on the number of layers from bulk all the way
down to two layers. The coupling strength of Fano resonance,
represented by |1/q|, also shows dramatic enhancement below
bulk Ty. On the other hand, the spectrum of monolayer NiPS;
seems to have a qualitatively different temperature dependence
from that of samples with other thicknesses. For example, Fig. 3b
shows the temperature dependence of the Raman spectrum of
monolayer NiPS; as a function of temperature. Unlike other
samples thicker than monolayer, the two-magnon feature is not
well defined even when the temperature is much lower than the
bulk Ty. The position of the two-magnon peak is also con-
siderably lower in frequency than in the case of thicker samples.
Furthermore, the peak Py does not show any indication of Fano
resonance. All these observations point to the conclusion that
antiferromagnetic ordering is not fully developed in monolayer
NiPS; even at the lowest temperature measured (25 K).

Magnetic-order-induced frequency difference for P, phonons.
Interestingly enough, a closer inspection of the bulk spectra in
Fig. 2 reveals that P, comprises two peaks at low temperatures as
the peak position is slightly different under different polarization

configurations. The higher frequency peak (P!) appears in the

parallel-polarization configuration, while the lower frequency
peak (PZL) is seen in the cross-polarization configuration (see
Supplementary Fig. 7 for complete polarization dependence data).
We should emphasize that there is minimal difference in the
phonon frequency in the data taken at T=295K. Figure 4a
shows the temperature dependence of the polarized Raman
spectra of bulk NiPS; in the range 120-300 cm™!. We can see a
clear sign of the temperature-dependent phonon frequency dif-
ference for P,. On the other hand, Ps also shows a small peak
frequency difference in two polarization configurations, which
does not seem to depend much on the temperature (see Fig. 4b
for the summary). If we compare the phonon frequency differ-
ence of P, with the susceptibility data (Fig. 4c), the cross corre-
lation between them is evident.

In order to elucidate the origin of this phonon frequency
difference, theoretical calculations of the vibrational modes in the
ordered phase were carried out using density functional theory
(DFT) with the frozen-phonon method. It was found that near
the frequency of P,, there are two phonon modes with similar
frequencies but with different symmetries. These modes originate
from the doubly degenerate E-like modes of monolayer NiPS;,
which are split due to monoclinic stacking of the layers. However,
due to the weak interlayer coupling, this splitting is expected to be
very small in the paramagnetic phase2>. Experimentally, we
observed almost zero separation between the two peaks measured
in the parallel- and cross-polarization configurations in the
paramagnetic phase. We further note that we did not observe any
superlattice peaks from our single crystal X-ray diffraction (XRD)
experiments performed at temperatures as low as 20 K. Therefore,

we can conclude that the temperature dependence of the splitting
of P, arising from structural symmetry breaking should be very
small, if at all. Figure 4d illustrates these two vibrational modes in
the antiferromagnetic phase. The A, mode involves vibrations of
the Ni atoms in the periodic direction of the same-spin zigzag
chains (see Fig. 1a), whereas the B, mode involves Ni atoms
vibrating parallel to this direction. Owing to the relative
directions of the vibration and the distribution of the spin
polarization, the vibrational frequencies shift differently upon
antiferromagnetic ordering and results in observed increase in the
phonon frequency difference AP,, which is mostly of magnetic
origin. Since the other peaks do not show any dramatic changes
with temperature, one can also exclude a structural phase
transition as the origin of this phonon frequency difference. We
note that a similar phonon frequency difference below critical
temperature3® has been reported for Cr,Ge,Teg.

We note that in the spectra for thinner samples there are
several peaks that originate from multi-phonon scattering at
~210, ~590, and ~800 cm™! (see Supplementary Fig. 8). Some of
these peaks are strongly enhanced due to the resonance effect.
Similar enhancement effects on multiphonon peaks due to
resonance have been observed in other 2D materials39-38, For
example, the relative intensities or the line shapes of P3 at ~210
cm! or the peak at ~590 cm~! vary with the excitation laser
energy, which is a clear indication of resonant processes (see
Supplementary Note 2 and Supplementary Fig. 9). We further
checked the temperature dependence of P; for 1—4L NiPS; (see
Supplementary Fig. 10). Since the frequency and the intensity of
P; does not exhibit any significant change near the Néel
temperature, we can safely conclude that P; is not related to
the magnetic ordering.

Estimation of Néel temperature of few-layer NiPS; from AP,.
Now, we would like to inspect this frequency difference as a
function of temperature for few-layer NiPS; (see Supplementary
Fig. 11). Figure 5a shows temperature dependence of AP, for
various thicknesses including monolayer. The antiferromagnetic
transition temperatures are extracted by using the spin-induced
phonon frequency shift model3>40 (see Supplementary Note 3
and Supplementary Fig. 12 for details) and summarized in Fig. 5b.
As seen in Fig. 5a, AP, shows a clear onset for two-layer or thicker
samples and the transition temperature gets slightly lower as the
thickness decreases. On the contrary, AP, for monolayer NiPSs;, if
any, is virtually temperature independent. These results confirm
our conclusion from the analysis of the two-magnon signals: (1)
the antiferromagnetic transition temperature (Ty) depends only
slightly on the thickness for two-layer or thicker NiPS;, and (2)
antiferromagnetic ordering is significantly suppressed in mono-
layer NiPS;.

In order to rule out the possible extrinsic effect due to the
substrate, we fabricated additional samples on hexagonal boron
nitride (hBN) layers and compared them with those samples
prepared on SiO,/Si substrates. We found that there is virtually
no difference between the results for samples exfoliated directly
on SiO,/Si and those for samples on hBN/SiO,/Si (see
Supplementary Figs. 13 and 14), which strongly indicate that
the extrinsic effect due to the substrate is not important.

Thickness dependence of QES signals. We further analyze the
low-frequency QES signals due to the magnetic fluctuations?3:20,
Since such QES signals are suppressed in the presence of the spin
ordering in ferromagnetic or antiferromagnetic materials, its
suppression can also be used as another good indicator for
magnetic ordering. Figure 6a, b compares the temperature
dependence of the low-frequency region of the polarized Raman
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spectra of 9L and monolayer NiPS;. In parallel-polarization
configuration, the QES signals from 9L NiPS; are strongly sup-
pressed below Ty, but a considerable amount of spectral weight
persists down to the lowest temperature in the case of monolayer
NiPS;. The difference is even more striking for the case of cross-
polarization configuration. Here, the QES signals from 9L NiPS;
are somewhat enhanced near Ty, presumably because of strong

spin fluctuations near the phase transition?’. On the other hand,
the QES signals from monolayer NiPS; monotonically increase as
the temperature is lowered as if it is approaching the phase
transition. The temperature dependences of QES signals for
intermediate thicknesses, such as 2L and 3L NiPS;, are qualita-
tively similar to that of 9L NiPS; (see Supplementary Fig. 15). For
a more quantitative analysis, the temperature dependence of the
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phonon population should be considered. Although the exact
mechanism of QES in low-dimensional systems is not fully
understood yet?3, we follow the theory of Reiter*! and Halley*? to
analyze our data. The measured intensity of Stokes-shifted QES is
simply expressed by40-4>

w C,, T Dk?
T ee/hT g2 (Dk2)*’

() (3)

where C,, is the magnetic specific heat and D is the thermal
diffusion constant D = K/C,, with the magnetic contribution to
the thermal conductivity K. Since the Raman response y"(w) for
Stokes scattering is given by y"(w)=I(w)/[n(w)+ 1], where
n(w) = [exp(fiw/kyT) — 1] is the Bose—Einstein factor, Eq. (3)
is expressed in terms of the Raman response y”(w)4%:4>,

Di?

w Tw2 + (Dk2)*’ @

We obtained the spectral weight of QES by integrating the
normalized Raman response y’/w in the range of 11-40 cm™L
Figure 6¢ shows the temperature dependence of the spectral
weight of QES in both parallel- and cross-polarization config-
urations for several thicknesses. For both polarization configura-
tions, the spectral weight of QES shows a peak near the magnetic
transition temperature for all thicknesses except monolayer. In
the case of monolayer NiPS;, the spectral weight of QES
almost monotonically increases as the temperature is lowered in
both polarization configurations as if it is approaching the phase
transition from above. These results are consistent with our prior
observation from the raw Raman data in Fig. 6a, b and
support our interpretation that antiferromagnetic ordering is
drastically suppressed in monolayer NiPS;. The increase in the
spectral weight of QES at low temperatures indicates that spin
fluctuations in monolayer NiPS;, most probably related to the
bound vortex—antivortex pairs>®, are growing persistently as the
temperature is decreasing even down to zero Kelvin.

Monte Carlo simulations. In order to shed further light on the
experimental observations, we have carried out Monte Carlo
simulations as a function of the number of layers (see Supple-
mentary Note 4 and Supplementary Fig. 16). The simulation
results qualitatively support our interpretation of the experi-
mental data. The simulated Néel temperature slowly decreases as
the thickness is reduced, down to 2L case, but the decrease is
more dramatic for monolayer. For a better quantitative agree-
ment, more sophisticated calculations will be necessary, which is
beyond the scope of this work.

Discussion

NiPS;, an antiferromagnetic van der Waals material, is a good
model system for the XY Hamiltonian. Using this material, we
investigated the magnetic signals in the form of two-magnon and
QES as a function of the sample thickness down to the monolayer
limit. All our experimental observations coherently point to the
conclusion that the antiferromagnetic ordering persists down to
two-layer samples and is drastically suppressed in the monolayer.
Furthermore, the Néel temperature is only slightly dependent on
the number of layers as long as it is two or larger. This result is in
stark contrast to the case of Ising-type antiferromagnet FePS;, in
which antiferromagnetic ordering persists down to the monolayer
limit®. It is also different from the case of recently reported fer-
romagnetic 2D materials such as Crl; or Cr,Ge,Teg, of which the
Curie temperature decreases as the number of layers decreases
but remains finite in the monolayer limit!}12. The thickness
dependence strongly indicates that the intra-layer exchange
interactions are much stronger than the interlayer ones. However,
the interlayer interaction suppresses the logarithmically divergent
spin fluctuations, except in the monolayer. In monolayer NiPS;,
where the static and bulk antiferromagnetic order is suppressed
by the strong fluctuations, there is the low-temperature
enhancement of QES. We note that all these experimental
observations are in good agreement with the theoretical predic-
tions of the XY model. Our work, one of the very rare experi-
mental realizations of the XY Hamiltonian in the atomically thin
monolayer limit, opens a new window of opportunities to study
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the extremely rich physics of the XY Hamiltonian and probably
the BKT transition using a real material.

Methods

Sample preparation. NiPS; crystals were grown by chemical vapor transport
reaction. Inside an argon-filled glove box, elemental powders (purchased from
Sigma-Aldrich) of nickel (99.99% purity), phosphorus (99.99%), and sulfur
(99.998%) were weighed and mixed in stoichiometric ratio 1:1:3 and an additional
5 wt% of sulfur. The samples were immediately subjected to chemical analysis
using a COXI EM-30 scanning electron microscope equipped with a Bruker
QUANTAX 70 energy dispersive X-ray system to find the good stoichiometry of all
the samples used in this study. The phase purity was further checked by taking
powder XRD patterns with Bruker D8 Discover as well as single crystal XRD
(XtaLAB P200, Rigaku) as shown in Supplementary Fig. 17. We further char-
acterized the magnetic properties using a commercial setup (the SQUID magnet-
ometer, Quantum Design) as shown in Supplementary Fig. 2.

Few-layer NiPS; samples were prepared on Si substrates with a layer of 285-nm
SiO, by mechanical exfoliation from a bulk single-crystal NiPS;. Since few-layer
NiPS; samples can be degraded in ambient conditions, the samples were kept in a
vacuum desiccator to prevent possible degradations after exfoliation. All the
measurements were carried out with the sample in vacuum in order to avoid any
degradation during measurements. Atomic force microscopy images taken before
and after Raman measurements confirmed that degradation is minimal as long as
the sample is kept in vacuum and the excitation laser intensity is kept at 100 uW or
less (see Supplementary Note 5 and Supplementary Fig. 18 for details). The number
of layers was determined based on the optical contrast!?, atomic force microscopy,
and low-frequency Raman measurements (see Supplementary Fig. 1).

Linear spin-wave theory. The calculations of one-magnon spectrum were
obtained by using SpinW package*® for the zigzag magnetic ground state, assuming
the following Hamiltonian:

H=1% (5157 + 818 + as; 5|
7
h 2 (S S+ oSS
U
: ; (5)
+Js <<<ZT;>> (S} + 8] + aS;Sj]
1,

+35 [D1 ()42 (7))

where the first three terms denote the XXZ Hamiltonian up to third nearest
neighbor. The (x, y, z) coordinate system is defined with the known ordered
moment of NiPS; in Supplementary Fig. 3c. The last terms in the bracket are
single-ion anisotropy along the x- and z-axis, respectively. Using the following set

of parameters: J; = 3.18 meV, J, =4.82meV, J3 =9.08 meV, a = 0.66, D; = —0.89
meV, D, =2.85meV, we calculated single magnon dispersion and then two-
magnon continuum with the kinematic constraints. See Supplementary Informa-
tion for further details.

Raman measurements. All the Raman measurements were carried out in vacuum
using an optical cryostat (Oxford Micorostat He2) at temperatures from 10 to 295
K. The 514.4-nm (2.41 eV) line of diode-pumped-solid-state (DPSS) laser was used
as the excitation source. The laser power was kept below 100 uW to avoid
damaging the samples. The laser beam was focused onto the sample by a x40
microscope objective lens (0.6 N.A.), and the scattered light was collected and
collimated by the same objective. The scattered signal was dispersed by a Jobin-
Yvon Horiba iHR550 spectrometer (2400 grooves/mm) and detected with a liquid-
nitrogen-cooled back-illuminated charge-coupled-device (CCD) detector. Volume
holographic filters (Ondax and Optigrate) were used to clean the laser lines and
reject the Rayleigh-scattered light. For polarized Raman measurements, an
achromatic half-wave plate was used to rotate the polarization of the incident
linearly polarized laser beam. In addition, the analyzer angle was used to selectively
pass scattered photons with parallel or cross polarizations. Another achromatic
half-wave plate was placed in front of the entrance slit to keep the polarization
direction of the signals entering the spectrometer constant with respect to the
groove direction of the grating?”. The Raman spectrum of the substrate (SiO,/Si)
was measured from the same location without samples at each temperature and
subtracted from the sample spectrum after normalization by the intensity of the
520 cm™! silicon phonon peak. The temperature dependence of the Raman spec-
trum of a bulk NiPS; crystal was measured separately in a macro-Raman system by
using a closed-cycle He cryostat. The excitation laser was focused by a spherical
lens (f=75mm) to a spot of size ~50 um with a power of 2mW.

Monte Carlo simulations. We calculated the zigzag-type antiferromagnetic order
parameter and magnetic susceptibility in bulk and few-layer stacked honeycomb
lattice by Monte Carlo simulations. We treated the spins classically and incorpo-
rated the short-range exchange interactions up to third neighbors with the ani-
sotropy parameter « extracted from linear spin-wave theory as well as the interlayer
coupling. In Monte Carlo simulations we have performed importance sampling
with Metropolis algorithm and used simulated annealing for finite-temperature
calculation. Typically, at each temperature the first 10° Monte Carlo steps are
discarded for equilibration and the following 10° Monte Carlo steps are used for
averaging physical quantities. For all the numerical data from Monte Carlo
simulations the numerical uncertainties are smaller than or comparable to the size
of symbols. See Supplementary Information for further details.

Density functional theory (DFT) phonon calculations. We calculated the pho-
non modes of monolayer NiPS; using DFT and frozen-phonon method. Vacuum
layers of 12 A thick were inserted between two adjacent monolayers of NiPS; to
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avoid spurious interactions between the periodic replicas. The lattice parameters
and atomic coordinates were fully relaxed by using the Quantum ESPRESSO
package®®. Ton—electron interactions were simulated by using norm-conserving
pseudopotentials*>*". The exchange-correlation energy was calculated by using the
Perdew—Burke—Ernzerhof functional®!. The kinetic energy cutoff was set to 80 Ry.
The Brillouin-zone integrations were carried out by using the 6 x 6 x 1 Monkhorst-
Pack grid®2. The correlation effects of Ni 3d electrons were considered by using the
density functional theory 4+ U method>>. We used 4 eV for the effective Hubbard U
of Ni 3d electrons. The phonon frequencies and eigenmodes were calculated by
using the Phonopy package’.

Data availability
The data that support the findings of this study are available from the corre-
sponding authors upon request.
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